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We employ molecular dynamics simulations to study the wetting and evaporation of salt-water nanodroplets
on platinum surfaces. Our results show that the contact angle of the droplets increases with the salt concentration.
To verify this, a second simulation system of a thin salt-water film on a platinum surface is used to calculate
the various surface tensions. We find that both the solid-liquid and liquid-vapor surface tensions increase with
salt concentration and as a result these cause an increase in the contact angle. However, the evaporation rate of
salt-water droplets decreases as the salt concentration increases, due to the hydration of salt ions. When the water
molecules have all evaporated from the droplet, two forms of salt crystals are deposited, clump and ringlike,
depending on the solid-liquid interaction strength and the evaporation rate. To form salt crystals in a ring, it is
crucial that there is a pinned stage in the evaporation process, during which salt ions can move from the center to
the rim of the droplets. With a stronger solid-liquid interaction strength, a slower evaporation rate, and a higher
salt concentration, a complete salt crystal ring can be deposited on the surface.
DOI: 10.1103/PhysRevE.92.052403 PACS number(s): 68.08.−p, 47.11.Mn
I. INTRODUCTION
Salt water is one of the most abundant resources on this
planet and we need to find ways of using it to help solve
current social, health, environmental, and economic problems.
One promising opportunity is to produce fresh water from
salt water using desalination technologies, such as distillation,
membrane processes, and solar desalination [1,2]. Another is
cooling electricity-generating equipment in the thermoelectric
power industry. However, salt water is also well known as
a cause of structural and environmental problems, such as
corrosion and salt weathering [3]. The latter is an erosion
process that deteriorates natural stone and building materials
and results from the crystallization of salt. Salt may naturally
exist inside stone or be present in precipitations, such as acid
rain. Used as building materials, most stones are subject to
wetting and evaporation cycles; during the latter, salts initially
dissolved in water may crystallize. Repeated wetting and
evaporation and the resultant stresses can eventually lead to
physical breakdown of the stone. In both applications and
problems, a fundamental fluid question is therefore the wetting
and evaporation properties of salt-water droplets.
Research interest in salt-water droplets has triggered exper-
imental investigations. Sghaier et al. [4] reported that the con-
tact angle of salt-water droplets on hydrophilic surfaces sig-
nificantly increases with the salt concentration. Shahidzadeh-
Bonn et al. [5,6] studied the forms of salt crystal deposited
after evaporation. However, current experimental techniques
cannot provide high-resolution dynamical information down to
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the molecular scale. To find ways to reduce damage caused by
salt weathering and to enhance the efficiency of desalination, a
better understanding of the molecular mechanism underlying
the wetting and evaporation of salt-water droplets on surfaces
is highly desirable.
Molecular dynamics (MD) is a computational tool that can
provide useful nanoscale material and fluid predictions. It has
been successfully applied to study the wetting and evaporation
of a variety of nanodroplets. For example, Werder et al. [7]
investigated the static wetting properties of pure-water droplets
on graphitic surfaces. Ritos et al. [8] investigated the dynamic
wetting of water droplets on moving surfaces. Zhang et al.
[9,10] studied the evaporation of argon droplets and reported
the dependence of the evaporation mechanism on the curvature
of the contact line. Chen et al. [11] investigated the evaporation
of Lennard-Jones fluid droplets containing rigid particles and
predicted the aggregate structure in the evaporative growth
processes. These results showed similarities between the
behavior of macrodroplets and nanodroplets.
However, so far, studies of salt-water droplets using MD
have been scarce. For wetting, Daub et al. [12] reported that
the contact angles of salt-water nanodroplets increase with the
salt concentration. For evaporation, only salt-water clusters
in periodic boxes have been investigated, without contact
with solid surfaces [13,14]. These studies showed that the
evaporation rates of clusters containing salt ions are slower
than pure-water clusters.
In this paper we employ MD simulations to study the
wetting and evaporation of salt-water droplets, specifically,
aqueous sodium chloride (NaCl) nanodroplets on smooth
platinum surfaces. Our aim is to investigate the effect of
salt concentration on the equilibrium contact angle and
the evaporation rate and understand the inherent physical
phenomena. Importantly, we are interested in the forms of
the salt crystals deposited after evaporation and the crucial
factors determining whether a clump or a ringlike crystal is
deposited.
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II. SIMULATION MODEL AND INTERATOMIC
POTENTIALS
We perform MD simulations of salt-water nanodroplets on
platinum surfaces. We use the mdFOAM software [8,15–19],
which is a highly parallelized and GPU-accelerated nonequi-
librium MD solver implemented within the open source
framework OpenFOAM [20]. In this section the simulation
system, the interatomic potential function and parameters, the
technique for measuring flow fields and contact angles, and
the method for calculating surface tensions are described.
A. Simulation system
Figure 1 shows how we prepare the simulation of a salt-
water droplet on a smooth platinum surface. An equilibrium
MD simulation of a fully periodic cubic box (of dimension 5.68
nm) containing 5832 pure-water molecules is performed first,
as shown in the top left in Fig. 1. Using the FADE mass-stat
technique of Borg et al. [21], we insert Na+ and Cl− ions and
delete water molecules to reach a target salt concentration. The
system is equilibrated and then the salt-water box is placed on
an atomic platinum surface. The full simulation box is then
18.8 nm in the x and z directions (parallel to the solid surface)
and 31.4 nm in the y direction (normal to the solid surface).
Eight layers of platinum atoms in an fcc lattice (lattice constant
3.92 ˚A) are used to simulate the solid surface. The atoms in
the bottom four layers are fixed, while the atoms in the top
four layers are coupled to a Berendsen thermostat to control
the temperature of the substrate. Periodic boundary conditions
are applied in all three directions. The integration time step
is 2 fs. This full MD system is run for 2 ns of problem time
at 300 K to reach an equilibrium state and the formation of a
nanodroplet on the surface. After steady state the simulation
is run for another 2 ns of averaging time in order to measure
the density contours and the equilibrium contact angle.
Finally, in order to study the evaporation properties, the
temperature of the platinum surface is increased in time to
600 K using a ramp function. The liquid water molecules in
the droplets continuously evaporate to form a vapor, while all
Na+ and Cl− ions remain part of the droplet, thus increasing the
salt concentration and ultimately reaching a saturation point
that leaves salt crystal deposits on the surface.
FIG. 1. (Color online) Routine for preparing the MD simulation
system of a salt-water nanodroplet on a platinum surface.
B. Intermolecular potentials
Intermolecular potentials are needed for all four species
in these MD simulations: water molecules (H2O), sodium
ions (Na+), chloride ions (Cl−), and platinum atoms (Pt).
The rigid TIP4P/2005 model [22] is used to simulate water
molecules. This model consists of four sites: one oxygen site
(no charge), two hydrogen sites (0.5564e), and one massless
M site (−1.1128e) located at 0.1546 ˚A from the oxygen
atom along the bisector of the hydrogen atoms. Hamilton’s
quaternions are used in order to keep the fixed geometry of the
water molecules, with an O-H bond distance of 0.9572 ˚A and
an H-O-H angle of 104.52◦. The Na+ (1.0e) and Cl− (−1.0e)
ions are treated as nonpolarizable sites with fixed charges. All
intermolecular interactions between pairs of molecules for
O, H, M, Na+, Cl−, and Pt sites are based on the following
combined Lennard-Jones (LJ) and Coulomb potential:
uαβ(r) = 4εαβ
[(
σαβ
r
)12
−
(
σαβ
r
)6]
+
1
4piε0
qαqβ
r
, (1)
where r is the distance between site α and site β, qα is the
electric charge associated with site α, ε0 is the permittivity
of vacuum, εαβ is the well depth of the LJ potential, and σαβ
is the characteristic diameter. The LJ parameters and charges
for each site are listed in Table I. The interaction parameters
for the H, O, and M sites of the water model are from
Ref. [22], while those for Na+ and Cl− ions are from Ref. [23].
Coulomb interactions are between sites with charges and the
Coulombic force potential is truncated and shifted at the same
cutoff distance of 1.2 nm as in the LJ interactions. Compared
with other methods, this approach can provide a balance of
acceptable accuracy with computational efficiency [7,8].
For the LJ cross interactions between two different sites,
the Lorentz-Berthelot mixing rules are used to determine σαβ
and εαβ , i.e.,
σαβ =
σα + σβ
2
, (2)
εαβ = λ
√
εα × εβ , (3)
where λ is a parameter to tune the interaction strength. For the
interactions between the sites in aqueous NaCl droplets, λ =
1.0. According to this rule, there are no LJ cross interactions
between an H site and the Na+ and Cl− ion sites, because
the interaction strength for H is zero. However, as reported
in Ref. [23], it is important to add an extra LJ potential
TABLE I. Interatomic potential parameters for sites in water
molecules, Na+ and Cl− ions, and Pt atoms.
Site ε(kJ/mol) σ ( ˚A) q (e)
H 0 0 0.5564
O 0.775 3.1589 0
M 0 0 −1.1128
Na+ 0.196 2.45 1.0
Cl− 0.628 4.1 −1.0
H-Na+ 0.180 1.55
H-Cl− 0.323 2.375
Pt 66.84 2.471 0
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between H sites in water and Cl− sites in order to prevent
them from getting too close (which causes an overestimation
of ion hydration). The modified LJ potential parameters for
H-Cl− and H-Na+ pairs are listed in Table I.
The interactions between platinum atoms and all other sites
in the droplets are based on the Lorentz-Berthelot mixing rules
for Pt-O, Pt-Na+, and Pt-Cl− pairs; the LJ parameters for Pt-Pt
[24] are also listed in Table I. Considering the hydrophilic
properties of water droplets on platinum surfaces, we choose
two values for the parameter λ, 0.25 or 0.38, to represent a
partial wetting or a complete wetting surface, respectively, for
pure-water droplets.
C. Measuring flow fields and contact angles
Flow property fields of the droplets, such as density and
velocity, are obtained on-the-fly from the MD simulation. To
do this, we use a cylindrical coordinate system (r,φ,y) that
has the topmost solid surface layer as its zero reference level
for the y direction and a normal line through the center of
mass of the droplet as its reference axis. Considering the axial
symmetry of droplets, the three-dimensional data are projected
into two-dimensional bins (r,y) by averaging in concentric
rings. To extract the microscopic contact angle from the density
contours, a popular method is to fit the liquid-vapor dividing
interface to a circle [7,8]. Here the liquid-vapor interface is
defined by the points in the two-dimensional bins that have
half the bulk density of the liquid phase. A circular fit is then
made through these points and extrapolated to the solid-liquid
dividing interface, which is defined as the positions of the
topmost solid atoms. Note that the points below a height of
7.5 ˚A from the solid surface are not taken into account for
the fit, in order to avoid the influence of density ordering
within the solid-liquid interface region. The contact angle is
then measured using the tangent to the fitting circle at the
solid-liquid dividing interface, as shown in Fig. 2.
FIG. 2. (Color online) Density contours for droplets and contact
angle measurements. The black solid line is obtained by applying a
circular fit to the points with half of the bulk liquid density. The
coordinates and density are normalized by σO (the characteristic
diameter of the oxygen site in water molecules) and σ−3O , respectively.
FIG. 3. (Color online) The MD setup for the calculation of
surface tensions. The platinum atoms are fixed at the bottom of the
simulation box and the thin film of salt water covers the solid surface.
After the system is equilibrated, there are three interfaces formed
from bottom to top: solid-liquid, liquid-vapor, and solid-vapor (due
to the periodic boundary conditions).
D. Surface tension calculations
A second MD simulation system, shown in Fig. 3, is
also set up in order to calculate the individual solid-liquid,
liquid-vapor, and solid-vapor surface tensions. The simulation
box is 4.7 nm in the x and z directions (parallel to the solid
surface) and 12.6 nm in the y direction (normal to the solid
surface). A thin salt-water film of 7.5 nm depth covers the
platinum surface. The platinum atoms are fixed at the lattice
sites, while the water molecules and Na+ and Cl− ions are free
to move at a fluid temperature of 300 K using the Berendsen
thermostat. Periodic boundary conditions are applied in all
three directions. The interatomic potential parameters are
the same as for the droplet simulations. After the system is
equilibrated, three interfaces (solid-liquid, liquid-vapor, and
solid-vapor) are formed. The surface tensions γ are obtained
by integrating local stress tensor components along the y
direction (i.e., normal to the interfaces):
γ =
∫
[Pn(y)− Pt (y)]dy, (4)
where Pn(y) and Pt (y) are the stresses normal and tangential
to an interface, respectively. Note that in our simulation system
the normal stress is the same as the saturated vapor pressure,
due to mechanical equilibrium in the y direction. Because
the vapor pressure of salt water is very low at 300 K, the
contribution of normal stress to the surface tension is negligible
when compared to the contribution of tangential stress. To
obtain the local tangential stress, the simulation box is divided
into bins in the y direction. Considering that the solid surface
extends infinitely, the tangential contribution from the fluid-
solid interaction vanishes [25]. In each bin, the tangential stress
is calculated as
Pt (y) = kBTρ(y)− 14A
〈∑
i =j
x2ij + z
2
ij
rij
∂Uff (rij )
∂rij
δ(y − yi)
〉
,
(5)
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where kB is the Boltzmann constant; T is the temperature;
ρ(y) is the number density; A is the surface area of the bin;
xi , yi , and zi are the components of the position of the water
molecules, Na+, or Cl− ions at ri ; rij = |ri − rj |; Uff (rij ) is
the interatomic potential between two molecules; and angular
brackets denote an ensemble average. For the liquid-vapor
surface tension, the integration in Eq. (4) is from the liquid bulk
region to the vapor bulk region, while for the solid-liquid and
solid-vapor surface tensions the integration region is limited
to the region containing fluid molecules.
III. RESULTS AND DISCUSSION
A. Wetting
To study comprehensively the wetting properties of salt-
water droplets on platinum surfaces, two solid-liquid inter-
action strength parameters (λ = 0.25 and 0.38) are used, as
explained in Sec. II B. Five different concentrations of the
salt-water droplets are studied, as well as pure-water droplets.
The numbers of water molecules and Na+ and Cl− ions in the
different nanodroplets are shown in Table II. The salt mass
concentration is defined as
c =
mNa+ +mCl−
mwater +mNa+ +mCl−
× 100%, (6)
where mNa+ , mCl− , and mwater are the masses of the Na+ ions,
Cl− ions, and water molecules, respectively, in the droplets.
For each droplet case, the MD simulations are first run
for 2 ns of problem time to ensure that the system relaxes to
an equilibrium state at 300 K. Sampling in cylindrical bins
provides the liquid density contours and the contact angles
are then determined as outlined above. Table III lists the
resulting contact angles of salt-water droplets for different
salt concentrations and solid-liquid interaction strength pa-
rameters. It can be seen that the contact angle increases with
the salt concentration; this phenomenon has been reported by
experiments [4] and other MD results [12] in the literature.
Note that in the results for λ = 0.38, pure-water droplets and
droplets with the lowest salt concentration almost completely
wet the surface, so it is difficult to measure the contact angle
quantitatively using a circle fit to the liquid-vapor interface.
Besides analyzing the density contours of droplets obtained
from the MD simulations, the contact angle can also be
determined from Young’s equation
cos(θY ) = γsv − γsl
γlv
, (7)
TABLE II. Number of water molecules and Na+ and Cl− ions in
nanodroplets for each simulation case. The corresponding salt mass
concentrations are given in the last column.
Case Nwater NNa+ NCl− Salt concentration
1 5832 0 0 0
2 5632 100 100 5.4%
3 5432 200 200 10.7%
4 5232 300 300 15.7%
5 5032 400 400 20.5%
6 4832 500 500 25.1%
TABLE III. Contact angles of salt-water nanodroplets for
different salt concentrations and solid-liquid interaction strength
parameters.
Salt Contact angle Contact angle
concentration (λ = 0.25) (λ = 0.38)
0 43.6°
5.4% 46.7°
10.7% 51.8° 15.0°
15.7% 55.2° 19.9°
20.5% 59.2° 28.7°
25.1% 60.8° 36.1°
where θY is Young’s contact angle and γsv , γsl , and γlv
are the solid-vapor, solid-liquid, and liquid-vapor surface
tensions, respectively. In order to understand the phenomenon
of the contact angle increasing with salt concentration, we
investigated thin salt-water films on platinum surfaces (for
details refer to Sec. II D and Fig. 3). After the system is
equilibrated, density and pressure distributions are sampled
in bins along the y direction. Figure 4 shows the density
distribution of water molecules and Na+ and Cl− ions along
the y direction for the case with a salt concentration of 10.7%
and λ = 0.25. Note that the quantities for the Na+ and Cl−
ions are enlarged by 10 times in Fig. 4 for clear comparison. It
is evident that Na+ and Cl− ions tend to migrate away from the
solid-liquid and liquid-vapor interfaces. This characteristic of
salt ions is the opposite of the preferential nature of surfactants,
such as alcohol, to stick to interfaces.
By integrating the difference between the normal and
tangential stresses [as in Eq. (4)] through each interface
region the three surface tensions are obtained. Note that
the liquid-vapor surface tension obtained here is an absolute
value, while the solid-liquid and solid-vapor surface tensions
are values relative to a solid-vacuum interface [26]. In our
FIG. 4. (Color online) Distribution of water molecules and Na+
and Cl− ions along the y direction in the thin-film case. The overall
salt concentration is 10.7% and the solid-liquid interaction strength
parameter is 0.25. The densities of Na+ and Cl− ions are increased
by a factor of 10 for a clear comparison.
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TABLE IV. Surface tensions of solid-liquid and liquid-vapor interfaces for different salt concentrations and
solid-liquid interaction strength parameters.
Salt Solid-liquid surface tension Solid-liquid surface tension Liquid-vapor surface
concentration (λ = 0.25) (mN/m) (λ = 0.38) (mN/m) tension (mN/m)
0 −40.4 63.9
5.4% −38.4 64.5
10.7% −37.2 −66.1 66.8
15.7% −35.1 −65.1 67.8
20.5% −31.5 −64.6 69.4
25.1% −30.1 −63.4 72.0
simulation cases, the saturated vapor pressure is very low, so
the solid-vapor surface tensions are almost zero. The results
for the solid-liquid and liquid-vapor surface tensions are listed
in Table IV for different salt concentrations and solid-liquid
interaction strength parameters.
Specifically, our MD simulations predict that the surface
tension of pure water is around 63.9 mN/m at 300 K, which
is slightly smaller than the experimental result (71.7 mN/m)
and the MD result (68.4 mN/m) obtained by Alejandre
and Chapela [27] using the same water model but with
Ewald summation for the long-range force calculations. This
deviation may be caused by the truncation of both the LJ and
the electrostatic potentials at 1.2 nm in our MD calculations.
However, this deviation does not affect the comparison of
contact angles determined from Young’s equation and from the
density contours of the droplets, as we use the same truncation
distance in all our simulations.
From the data in Table IV we can conclude that both the
solid-liquid and liquid-vapor surface tensions increase with
the salt concentration. To further benchmark our simulation
results, we compare the increments of liquid-vapor surface
tension as a function of salt concentration with experimental
results [28], as shown in Fig. 5. There is reasonable agreement.
Note that in our simulation model, the thickness of the liquid
film is about 6 nm and the calculated surface tensions are
independent of film thickness [29].
FIG. 5. (Color online) Relation of the increments of the liquid-
vapor surface tension to the salt concentration.
With the surface tensions determined, Young’s contact
angle can be calculated using Eq. (7). Figure 6 shows
Young’s contact angles and the measured MD contact angles
from the density contours of nanodroplets for different salt
concentrations. The predicted Young’s angle confirms that
the contact angle of salt-water droplets increases with salt
concentration. This is because both the solid-liquid and liquid-
vapor surface tensions increase with salt concentration. Note
that there are some quantitative deviations between Young’s
contact angle and the measured contact angle. There are two
possible reasons for this. The first is the calculation method
for the surface tensions: a more rigorous way to calculate
solid-liquid and liquid-vapor surface tensions would be to
perform two separate simulations [30] and consider the effect
of the tangential stress caused by the solid surface [31]. The
second is that Young’s equation is derived on the macroscopic
scale, but the radii of the droplets in our simulations are only
several nanometers; on such a small scale, the line tension
may play an important role. Similar to the definition of surface
tension, line tension is the excess free energy per unit length
of a three-phase contact line [32]. There is evidence that
the contact angle of nanodroplets on solid surfaces could
deviate from that predicted by Young’s equation [7,33–35].
A possible modification to Young’s equation for nanodroplets
FIG. 6. (Color online) Contact angle determined from the density
contours of nanodroplets and from Young’s equation. In Young’s
equation, the surface tensions are obtained from MD measurements
in our system of a salt-water film covering a platinum surface.
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incorporates the effect of line tension [36]. An alternative point
of view is that the increase of pressure in nanodroplets due to
the Kelvin effect [37] results in a difference in adsorption
at the solid-liquid interface and hence in the corresponding
surface tension. This has been proposed to explain the size
dependence of the contact angle [38,39]. However, here we do
not quantitatively study the effect of line tension and the change
of surface tension but only use Young’s equation to uncover
why the contact angle of salt-water nanodroplets increases
with salt concentration.
B. Evaporation
Our aim in simulating the evaporation of salt-water nan-
odroplets is to investigate how the evaporation rate changes
with the salt concentration and how the salt crystals deposit
on the surface after the water is evaporated. An interesting
phenomenon in the evaporation of water droplets contain-
ing particles is the so-called coffee-ring effect, where the
remaining solid forms into a ringlike shape. Deegan et al.
[40–42] proposed that capillary flow, induced by droplet
evaporation at a pinned contact line, is the main cause of
the coffee-ring phenomenon. Our simulation results (below)
agree with this, but we also show that the forms of salt
crystals that are deposited on the surface are dependent on
the solid-liquid interaction strength, the evaporation rate, and
the salt concentration.
1. Results for solid-liquid interaction strength parameter λ = 0.25
When the simulation system has reached steady state at
300 K for 4 ns of problem time, the temperature of the platinum
surface is increased from 300 to 600 K in 1 ns of problem
time, i.e., the temperature ramp rate is 300 K/ns. Due to
heat transfer between the platinum surface and the droplet,
the temperature of the droplet increases and water molecules
escape from the condensed liquid phase to become vapor. To
analyze the evaporation rate, we use the criterion proposed
by Maruyama et al. [43] to define whether a water molecule
belongs to the liquid or vapor phase. This criterion is based on
the number of neighboring water molecules within a certain
distance: two water molecules are considered neighbors if the
distance between them is less than 6.3 ˚A. A water molecule is
identified as part of the liquid phase if its number of neighbors
is larger than 10; otherwise it is identified as being part of the
vapor phase.
Figure 7 shows the evolution in time of the number of
vapor molecules for three different initial concentrations of
salt-water nanodroplets with a ramp rate of 300 K/ns. For
pure water droplets, all of the water molecules undergo a
phase change by 5.8 ns, while for salt-water droplets with
concentrations of 10.7% and 20.5% this occurs at about 6.4
and 6.8 ns, respectively. This means that the evaporation
rate of salt-water droplets decreases as the salt concentration
increases. Similar trends have been reported for water clusters
containing salt ions by Caleman and van der Spoel [13] and
Wang et al. [14].
This phenomenon could be understood from the mi-
croscopic point of view as follows. Due to electrostatic
interactions, the oxygen atoms in water molecules are attracted
to positively charged Na+ ions, while the hydrogen atoms in
FIG. 7. (Color online) Temporal evolution of the number of
vapor molecules for three different concentrations of salt-water
droplets. The surface temperature is raised from 300 to 600 K in
the period from 4 to 5 ns.
water molecules are attracted to negatively charged Cl− ions.
So Na+ and Cl− ions are surrounded by a hydration shell of
regularly arranged water molecules. The interaction strength
between salt ions and water molecules is stronger than that
between water molecules, where there is only weak hydrogen
bonding. The Na+ and Cl− ions themselves are nonvolatile,
so their presence slows the evaporation of water molecules.
In terms of thermodynamics, the saturated vapor pressure
decreases as the salt concentration increases [44] and a lower
vapor pressure results in a slower evaporation rate.
The evaporation modes for pure-water and salt-water
droplets are also different. Figures 8(a) and 8(b) show the
temporal evolution of the liquid-vapor interface during the
evaporation of pure-water and salt-water droplets with a
concentration of 20.5%. For the pure-water droplets, there
are three stages [Fig. 8(a)]. The first is from 4.0 to 4.6 ns,
during which the evaporation rate is slow (Fig. 7) and the
droplets spread out a little due to the increase in temperature.
The second stage is from 4.6 to 5.0 ns, during which the
evaporation becomes quicker and the liquid-vapor interface is
pinned at the contact line. As shown in Fig. 8(c), there is during
this stage a flow from the center to the rim of the droplet to
compensate for the loss of liquid molecules due to evaporation
at the contact line. This evaporation mode is usually called the
constant contact radius mode [45,46] and has been previously
reported in experiments for large droplets [40–42]. After
5.0 ns, the droplet shrinks along the surface until all of the
liquid water molecules change to vapor; this is the third stage.
On the other hand, for salt-water droplets there are only
two observed stages in the evaporation process [Fig. 8(b)]. The
first is the same as that for pure-water droplets, from 4.0 to
4.8 ns. In the second stage, the droplet slips along the surface
during evaporation. What is evident from the velocity field
measurements is that, unlike our simulations of pure-water
droplet evaporation, there is no distinct outward flow within the
droplet at 5 ns [Fig. 8(d)]. Further simulations are required to
better resolve this velocity field due to the thermal fluctuations,
052403-6
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FIG. 8. (Color online) Temporal evolution of the liquid-vapor interface during the evaporation process of (a) pure-water droplets and (b)
salt-water droplets with a concentration of 20.5%. Also shown are normalized density contours and velocity vectors (black arrows) at 5.0 ns
for (c) pure-water droplets and (d) salt-water droplets with a concentration of 20.5%. The density and velocity are normalized by σ−3O and
(εO/mO)1/2, respectively.
but the noisy velocity field indicates that the salt-water droplet
is not being pinned in this case.
After all the water molecules have evaporated, the Na+ and
Cl− ions are deposited on the surface and form salt crystals.
Figure 9(a) is a snapshot of the case of salt-water droplets with
a concentration of 20.5% after 6.8 ns of problem time: The
salt is deposited as a clump in the center region of the original
droplets. A side view of this deposited salt is in Fig. 9(b)
and the region defined by a red circle shows a regular lattice
structure that is the same as that of an ideal NaCl crystal [see
Fig. 9(c)]. The lattice structure of NaCl can be regarded either
as a fcc structure of one kind of ion in which the octahedral
holes are occupied by the ions with opposite charge or as
two interpenetrating fcc lattices made up of the two kinds of
ions.
To investigate the effects of salt concentration and tem-
perature ramp rate on the forms of salt crystals deposited,
we compare the results for salt concentrations of 10.7% and
20.5% and for ramp rates of 300 and 75 K/ns in Fig. 10.
A higher concentration means more salt ions in the starting
droplets and the deposited salt crystals will be larger. For the
solid-liquid interaction strength parameter λ = 0.25, the ramp
rate does not significantly change the forms of the deposited
salt crystals. All are deposited in the center region of the
original droplets. The reason for this is that there is no pinned
stage and no outward flow during the evaporation process, so
the Na+ and Cl− ions form salt crystals as the droplets slip
along the surface and finally deposit in the center region as a
clump.
2. Results for solid-liquid interaction strength parameter λ = 0.38
In this section we study hydrophilic surface cases when the
solid-liquid interaction strength parameterλ = 0.38. Figure 11
compares the forms of the final deposited salt crystals for dif-
ferent salt concentrations and temperature ramp rates. We see
that the salt crystals are deposited in the center of the original
droplets when the ramp rate is 1500 K/ns, while the salt crys-
tals are deposited in the region between the rim and the center
of the original droplets when the ramp rate is 75 K/ns. For the
higher ramp rate, a whole crystal is formed for higher salt con-
centrations (20.5% and 25.1%), while several smaller crystal
clumps are formed for the lower salt concentration (15.7%).
For the lower ramp rate, a complete ringlike crystal is formed
for the highest salt concentration (25.1%), while partial ring-
like crystals are formed for the two other salt concentrations.
The reason for the different forms of deposited salt crystals
is the different evaporation modes. Figure 12 shows the
temporal evolution of the liquid-vapor interface during the
evaporation process, along with the measured velocity vectors,
for salt-water droplets with a concentration of 25.1%. For
the higher ramp rate, there are typically only two stages in
the evaporation process [Fig. 12(a)]; these are the same as
those described in the preceding section for salt-water droplets.
When the droplets slip along the surface, there is no outward
flow within the droplets [Fig. 12(c)] and the salt ions finally
deposit in the center of the droplets. Depending on the salt
concentration, a single clump or several small crystal clumps
are formed.
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FIG. 9. (Color online) (a) Snapshot of the salt-water droplet with a concentration of 20.7% on the surface at 6.8 ns. The red dots represent
the vapor water molecules and the salt crystal is deposited on the platinumlike surface. (b) Side view of the salt crystal deposited on the surface:
Cl− is cyan and Na+ is blue. The red circle indicates a region with good lattice structure. (c) Lattice structure of an ideal NaCl crystal.
However, for the cases with the lower temperature ramp
rate, there are typically three stages in the evaporation process
[Fig. 12(b)]. The first is from 4.0 to 4.6 ns, during which the
droplets spread out a little due to the increase of temperature.
In the second stage, from 4.6 to 5.4 ns, the liquid-vapor
interface is pinned at the contact line and there is a flow
from the center to the rim of the droplets, as shown in
Fig. 12(d). Due to this flow, some salt ions move to the droplet
rim and start to form crystals. During the third stage (after
5.4 ns), the droplet continues to evaporate and slip along the
surface and the salt crystals finally deposit in the interme-
diate region of the original droplet. Depending on the salt
concentration, a complete or a partial ringlike crystal can be
formed.
FIG. 10. (Color online) Forms of the final salt crystals (top view)
deposited on the solid surface with a solid-liquid interaction strength
parameter λ = 0.25.
To highlight the process of the formation of the salt crystals,
snapshots (top view) for the case with a salt concentration of
25.1% and a ramp rate of 75 K/ns are shown in Fig. 13. The
water molecules at the start of evaporation (t = 4.0 ns) are
shown as small red dots. The salt ions are uniformly distributed
within the droplets before evaporation starts [Fig. 13(a)]. In the
pinned stage (from 4.6 to 5.4 ns), there is a capillary flow with
a characteristic velocity of 2 m/s, as shown in Fig. 12(d),
so the salt ions can move outward by up to 1.6 nm. In the
FIG. 11. (Color online) Forms of the final salt crystals (top view)
deposited on the solid surface with a solid-liquid interaction strength
parameter λ = 0.38.
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FIG. 12. (Color online) Temporal evolution of the liquid-vapor interface during the evaporation of a salt-water droplet with a concentration
of 25.1% and (a) a temperature ramp rate of 1500 K/ns and (b) a temperature ramp rate of 75 K/ns. Also shown are the normalized density
contours and velocity vectors (black arrows) for (c) a ramp rate of 1500 K/ns (snapshot at 4.4 ns) and (d) a ramp rate of 75 K/ns (snapshot at
4.8 ns). The density and velocity are normalized by σ−3O and (εO/mO)1/2, respectively. The surface is hydrophilic.
region close to the rim of the droplets, some salt ions aggregate
and form small clusters [Fig. 13(b)]. Once the clusters are
formed, diffusion will also play an important role in the growth
of clusters. The self-diffusion coefficients of Na+ and Cl−
ions are of the order 10−9 m2/s [47]. According to Einstein’s
diffusion equation [48], the diffusion distance is therefore up to
1.3 nm in the pinned stage. So some free salt ions may reach the
clusters due to diffusion and be absorbed by them. In the third
stage, as the droplets shrink, the salt crystals finally deposit
in the intermediate region of the original droplets, creating a
ringlike form [Fig. 13(c)].
IV. CONCLUSION
We have employed MD simulations to study the wet-
ting and evaporation of salt-water nanodroplets on platinum
surfaces. Our results show that the contact angle of salt-
water nanodroplets increases with salt concentration. We
have explained this phenomenon with reference to Young’s
equation, alongside separate MD measurements of the various
surface tensions; the reason is that both the solid-liquid and
liquid-vapor surface tensions increase with salt concentration.
On the other hand, the evaporation rate of salt-water droplets
decreases as the salt concentration increases, due to the
hydration effects of salt ions.
We have observed that typically two forms of salt crystals,
clump and ringlike, are deposited on the solid surface after
the water molecules have fully evaporated. The forms of salt
crystals are dependent on the solid-liquid interaction strength,
the evaporation rate, and the initial salt concentration. For
a weak solid-liquid interaction strength, all of the salt is
deposited as a clump; this is because the droplet shrinks during
FIG. 13. (Color online) Top view of the salt ions in the droplets (salt concentration: 25.1%) during the evaporation process (temperature
ramp rate: 75 K/ns). The small red dots represent the water molecules before the start of evaporation. Snapshots are at (a) t = 4.0 ns, (b) t =
5.4 ns, and (c) t = 9.0 ns.
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evaporation. For a stronger solid-liquid interaction strength,
the form of the final salt crystals is decided by the evaporation
rate and the initial salt concentration. It is crucial for the
formation of a ringlike crystal that there is a pinned stage
during the evaporation process so that salt ions can move to
the rim of the droplets. If the solid-liquid interaction strength
is stronger, the evaporation rate slower, and the initial salt
concentration higher, a complete ringlike salt crystal can be
deposited on the surface.
In all our MD simulations, the surfaces were completely
smooth at the molecular level. Investigating the evaporation of
salt-water droplets on rough surfaces would be useful future
work. Also of interest is whether the final deposit forms can
be tuned during the evaporation process. Research on this has
been reported for colloidal particles in evaporating droplets
[49] and similar work on salt-water droplets is expected in the
future.
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